Substantial superheating of single-crystal Si films at and near the bottom Si/SiO 2 interface was observed. This was accomplished via back-side irradiation of a (100) single-crystal Si film on a quartz substrate using an excimer-laser pulse. The spatiotemporal details of the melting transition were tracked in situ using surface-side and substrate-side transient reflectance measurements, and the one-dimensional thermal profile evolution within the solid film during the heating period was numerically computed using the experimentally extracted temporal profile of the incident beam and temperature-dependent optical and thermal parameters of the materials. A simple lower-bound estimation identifies that superheating in excess of 100 K was attained within Si along the bottom (100)-Si/SiO 2 interface even at moderate beam energy densities.
INTRODUCTION
The extent to which melting proceeds in laser irradiated Si films has long been recognized as the singularly critical factor that determines the ensuing solidification scenario in laser-induced melt-mediated crystallization of the films [1] . For partial-melting-based laser-crystallization approaches [1] [2] [3] [4] [5] , it is becoming even more evident that the specific details associated with the initial formation and subsequent growth of the liquid phase in the polycrystalline Si films essentially dictate the ensuing microstructural changes that take place in the films; this is the case for excimer laser annealing (ELA) employed in the manufacture of advanced LCDs and OLED displays, as well as for the mixed-phase-solidification (MPS) method [4] , which can create largegrained, (100)-surface-textured Si on SiO 2 for photovoltaic and microelectronic applications [6] . In other words, we suggest that for these multiple-exposure-based techniques, the melting period corresponds to the all-significant processing phase in that it (1) determines the incremental increase in the average grain size [3] and (2) affects the gradual development of the surface orientation texture [4, 7] , provided, of course, that nucleation is avoided [1, 8] . The established principles of discontinuous phase transitions point to various extrinsic excess free energy sites in polycrystalline Si films (e.g., surfaces, grain boundaries, dislocations, and Si/SiO 2 interfaces), along with the Gibbs-Thomson effect [9, 10] , as the key elements and factors that will dictate spatially and temporally heterogeneous initiation and propagation of the melt in the films [11] . Understanding such details may, therefore, lead to further optimization of, and advances in, these and other partial-melting-based laser crystallization techniques.
In this paper, we present preliminary results obtained from experiments on excimer-laserinduced melting of Si films on SiO 2 . By utilizing an unconventional combination of sample configuration and experimental capabilities, we have succeeded in inducing and detecting superheating of Si films at and near the Si/SiO 2 interface. While the present work is driven primarily by the motivation to understand and improve the aforementioned laser crystallization methods, we also recognize that there exists an opportunity to contribute scientifically in providing much desired experimental results in the long-investigated topic of melting [11, 12] ; here, due to the pervasive and prompt participation of surface melting at or near the equilibrium point as the samples are typically externally heated, experimental investigations of melting transpiring in superheated solids, especially involving simple materials (e.g., single-component system, single-crystal microstructure, planar surfaces and interfaces, etc.), have been rather lacking [12] .
EXPERIMENTAL
In this work, we leverage the following sample configurations and experimental capabilities for the purpose of inducing and detecting superheating in excimer-laser-irradiated Si films: (1) (100)-oriented single-crystal Si on quartz, (2) back-side irradiation of the sample through the transparent substrate, and (3) in situ surface-side and substrate-side transient reflectance (TR) [13] . The single-crystal material with (100) surface orientation was chosen for investigation as the material is, first and foremost, free of grain boundaries (thereby enabling us to focus on simpler and uniform excess free energy sites of the top surface and the bottom Si/SiO 2 interface); and, additionally, the (100) Si/SiO 2 interface corresponds presumably to the most energetically stable configuration [14] (thereby making this interface commensurately more melt-resistant than those of other orientations). The transparent nature of quartz is a particularly and doubly enabling element in the present experiment as it permitted us to (1) back-side irradiate the sample and induce internal heating of the film via subsurface energy deposition of the incident beam mostly near the bottom interface, and (2) obtain more spatially comprehensive in situ information about how melting proceeds in the film by examining the substrate-side TR signals (in addition to the usual surface-side TR signals).
The samples utilized in the present investigation consisted of 200-nm (100)-oriented undoped Si on thermal SiO 2 on quartz (manufactured via a wafer-bonding-based Si-on-insulator (SOI) fabrication technique). Initially, the samples were coated with a thin capping oxide layer deposited using low-pressure chemical vapor deposition (LPCVD); BHF-etchant was utilized to completely remove the oxide layer just moments prior to being irradiated. The samples were single-shot back-side irradiated (i.e., the substrate-side through the transparent quartz substrate) at various energy densities (up to ~2.5 CMT (complete melting threshold) or 1.6 J/cm 2 ) at normal incidence using a 308-nm XeCl excimer laser pulse (see Figure 1 (b) for the experimentally extracted temporal profile of the beam). The beam was spatially homogenized, shaped, de-magnified, and imaged onto a 1 x 1 mm 2 area on the sample. The laser pulse energy was monitored using a calibrated energy meter, which received a fraction of the excimer laser light from a beam splitter. All of the laser irradiation experiments in this study were performed under ambient conditions. In situ surface-side and substrate-side transient reflectance (TR) were measured using two 670-nm diode lasers at incident angles of 50° (with respect to the surface normal) and detected using Si diodes with less than 1 ns rise times. The probe laser beams were focused down to a diameter of about 0.2 mm on the film. Figure 1(a) shows a representative set of surface-side and substrate-side TR signals when the BHF-etched Si film was back-side irradiated with a laser pulse at an energy density that is well within the complete-melting regime. When interpreting TR signals, one must at least consider the effects that arise from (1) the higher reflectivity of metallic liquid Si than that of semiconducting solid Si [13] , and (2) the thin-film interference [15] resulting from the creation and movement of the solid/liquid interface [16] . More specifically, we note that, for the wavelength and incident angle of the probe laser beams in this experiment, the reflectance signals obtained from the side from which melting initiates and propagates must saturate when the thickness of the liquid Si layer exceeds ~20 nm. Based upon these established considerations, it is possible to deduce from the TR signals shown in Figure 1 (a) that melting initiated and propagated from the top surface. Figure 1(b) shows the measured time-dependent intensity profile of the incident excimer laser pulse.
ANALYSIS AND DISCUSSION
We suggest that the observation of the occurrence of surface melting in the irradiated films (as depicted in Figure 1(a) ) corresponds to the most notable outcome of the present work; it indicates immediately that superheating must have transpired within the Si film. Specifically, a consideration of the energy deposition profile and subsequent heat flow encountered during the back-side-irradiation-induced heating of the film leads one to conclude that the surface temperature, at least whilst it rises, must be the lowest within the film (i.e., during the heating phase while the intense beam is still incident on the sample). Thus, when one additionally considers the fact that the free surface of solid Si is expected to essentially melt at (or at least quite near) the equilibrium transition temperature, one can deduce from the observation that definite superheating of the film must have taken place particularly significantly at and near the bottom interface (starting at some point before surface melting was initiated and lasting up until the region is converted into liquid via the advancing melting interface originating heterogeneously from the surface).
In fact, by taking advantage of the knowledge regarding surface melting taking place presumably at the equilibrium point, we can readily estimate the approximate range of the lower bound of superheating obtained at moderate incident energy densities (i.e., at conditions similar to those encountered in Figure 1) . Specifically, and as described below, this simple numerical exercise examines the temperature profile of the solid film corresponding to the very moments at which the surface temperature reaches the melting point; as such, it involves heating only of solid Si, and can, therefore, be performed without having to invoke melting (and subsequently introducing additional approximations, parameters, and complications). First, we list some important features and assumptions of our lower-bound analysis: (1) the use of temperaturedependent thermal and optical material parameters (i.e., heat capacity (c p ) [17] [18] [19] , thermal conductivity ( T ) [18, [20] [21] , normal-incidence reflectance (R) [21] , and normal-incidence absorption coefficient ( ) [22] ); (2) the use of experimentally extracted time-dependent intensity profile of the beam; (3) disregarding radiative and convective heat loss to the environment; (4) the assumption of a one-dimensional heat flow scenario in the irradiated/probed area; and (5) disregarding the possibly non-trivial thermal resistance at the Si/SiO 2 interface [23] (inclusion of which would actually further increase the calculated degree of superheating). With the above simplifications, the thermal evolution in the beam-irradiated solid Si can be described as (1.1) where x is the position into the film (with the top surface defined at x = 0 and the Si/SiO 2 interface defined at x = d film , where d film is the film thickness), T is the temperature, c p is the heat capacity, T is the thermal conductivity, t is time, and Q' is the internal heat source term applicable at the point of consideration, and is determined by the energy deposition of the incident excimer-laser beam; it can thus be expressed as (1.2) where is the beam intensity, | | 2 is the absorption factor, and is the absorption coefficient. The heat flow in the quartz substrate is handled by a simple one-dimensional equation without any heat source terms within the substrate.
By numerically solving equation (1) via a finite difference analysis scheme [18] , and by identifying the temperatures at the bottom Si/SiO 2 interface and at the top surface precisely corresponding to the moment at which the temperature of the surface reaches the equilibrium melting point, for an incident energy density of 800 mJ/cm 2 (~1.2 CMT), we identify the degree of superheating attained in the Si along the bottom Si/SiO 2 interface to be ~100 K. Note that a higher degree of superheating will take place as the energy density increases (e.g. at 1.5 CMT, the surface-melting-point-defined lower bound superheating is ~150 K). In fact, the temperature at the interface continues to increase as melting initiates and proceeds into the superheated film. For that matter, the actual maximum achievable superheating value is expected to take place at significantly higher energy densities (with increasing energy-deposition/heating rates and greater temperature gradients within the film), when the degree of superheating at the bottom interface becomes sufficiently large to actually trigger melting of solid at the interface; this is indeed what is observed experimentally, and we are presently carrying out a series of such experiments as well as executing the melting-transition-incorporating numerical analysis to accurately identify the maximum superheating in the film. Preliminary findings indicate that melting is initiated at or near the interface at much higher temperatures than the lower-bound numbers presented in this paper.
While the superheating of defect-free single-crystal subsurface solid via internal heating is expected based on theoretical considerations of homogeneous nucleation and other intrinsic melting models [24] , a substantial degree of superheating taking place at the buried interface between crystal Si and amorphous SiO 2 may be viewed as an occurrence which is less expected. Thermodynamically, this observation of the melt-resistant nature of Si at the interface does mean that (1) the interfacial energy of the (100)-Si/SiO 2 interface must be sufficiently low (i.e., less than the sum of liquid-Si/SiO 2 and (100)-Si/liquid-Si interfacial energies) to prohibit either premelting [25] or barrier-less liquid nucleation to take place at the interface, and (2) the combined nucleation-resisting effects (arising from the relevant interfacial and elastic strain energies [26] ) associated with nucleating a liquid either heterogeneously or homogeneously, at or near the interface, respectively, are significant enough to kinetically permit sustained superheating of Si at the bottom (100)-Si/SiO 2 interface.
The present finding regarding the relatively melt-resistant nature of Si at the bottom oxide interface bodes well for those melting and solidification models [1, 3, 4, 27] that implicitly rely on such a tendency to account for the evolution in microstructure. As mentioned previously, more involved experiments and numerical analysis on superheating and melting of Si along the (100)-Si/SiO 2 interface, as well as at grain boundaries in polycrystalline Si films are presently being conducted, and the findings will be presented elsewhere [28] .
CONCLUSIONS
In summary, by utilizing a unique combination of experimental elements and capabilities, we were able to induce and detect substantial superheating of Si at and near the bottom Si/SiO 2 interface during back-side excimer-laser irradiation of (100)-oriented single-crystal Si film on quartz. Using the free surface melting taking place at the equilibrium temperature as the anchoring point, a simple lower-bound solid-phase-only heating analysis corresponding to a rather moderate energy density was performed to reveal that, even for such a case, a substantial degree of superheating (in excess of 100 K) takes place at the interface.
